ABSTRACT: The amyloid β-peptide (Aβ), strongly implicated in the pathogenesis of Alzheimer's disease (AD), is produced from the amyloid β-protein precursor (APP) through consecutive proteolysis by β-and γ-secretases. The latter protease contains presenilin as the catalytic component of a membrane-embedded aspartyl protease complex. Missense mutations in presenilin are associated with early-onset familial AD, and these mutations generally both decrease Aβ production and increase the ratio of the aggregation-prone 42-residue form (Aβ42) to the 40-residue form (Aβ40). The connection between these two effects is not understood. Besides Aβ40 and Aβ42, γ-secretase produces a range of Aβ peptides, the result of initial cutting at the ε site to form Aβ48 or Aβ49 and subsequent trimming every three or four residues. Thus, γ-secretase displays both overall proteolytic activity (ε cutting) and processivity (trimming) toward its substrate APP. Here we tested whether a decrease in total activity correlates with decreased processivity using wild-type and AD-mutant presenilincontaining protease complexes. Changes in pH, temperature, and salt concentration that reduced the overall activity of the wildtype enzyme did not consistently result in increased proportions of longer Aβ peptides. Low salt concentrations and acidic pH were notable exceptions that subtly alter the proportion of individual Aβ peptides, suggesting that the charged state of certain residues may influence processivity. Five different AD mutant complexes, representing a broad range of effects on overall activity, Aβ42:Aβ40 ratios, and ages of disease onset, were also tested, revealing again that changes in total activity and processivity can be dissociated. Factors that control initial proteolysis of APP at the ε site apparently differ significantly from factors affecting subsequent trimming and the distribution of Aβ peptides.
T he 4-Da amyloid β-peptide (Aβ) is the principle protein component of the cerebral plaques found in Alzheimer's disease (AD). 1, 2 This peptide is produced by successive proteolysis of the type I integral membrane amyloid β-protein precursor (APP), first by β-secretase, 3 which releases the luminal/extracellular ectodomain, and then by γ-secretase, 4 which cleaves within the transmembrane region of the membrane-bound remnant (C99) . Heterogeneous proteolysis of C99 by γ-secretase results in a range of Aβ peptides varying at their C-termini. As the C-terminus is derived from the transmembrane domain, longer Aβ peptides contain more hydrophobic residues and are more prone to aggregation. 5 Soluble aggregates of Aβ are neurotoxic and impair synapse function, long-term potentiation, and memory in rodent brains.
6−8 Dominant missense mutations in APP and presenilin, the catalytic component of γ-secretase, cause familial AD (FAD) in midlife and alter Aβ production, increasing either the total amount of Aβ or the ratio of the 42-residue Aβ species (Aβ42) to the otherwise predominant 40-residue form (Aβ40). 9 Thus, although Aβ is normally produced in the brains of all individuals, aggregation of slightly longer forms, particularly the 42-residue form (Aβ42), is thought to initiate AD pathogenesis. Therefore, a full understanding of how these longer Aβ peptides are produced by γ-secretase is critical.
γ-Secretase is a complex of four integral membrane proteins: 10−13 presenilin (PS), nicastrin (NCT), anterior pharynx-defective 1 (Aph-1), and presenilin enhancer 2 (Pen-2), with presenilin containing a membrane-embedded aspartyl protease active site. 14−16 Assembly of the complex in the endoplasmic reticulum is followed by trafficking to the Golgi, 17 endoproteolysis of presenilin into N-terminal fragment (NTF) and C-terminal fragment (CTF) subunits, 18−20 and complex Nand O-glycosylation of nicastrin. 21−25 The NTF and CTF subunits of presenilin each possess one of the catalytic aspartates; 14 to gain access to the active site, the APP-derived substrate C99 apparently first docks on the outer surface of presenilin, followed by entry into the internal active site. 26 Experimental evidence supports a model in which C99 is processively cleaved by γ-secretase. Initial proteolysis at the ε site primarily produces the 50-residue APP intracellular domain (AICD) 27 and Aβ49; 28 however, γ-secretase can also cut at an alternative ε site nearby to produce a 51-residue AICD 29 and Aβ48. 28, 30 After the ε cut, Aβ48 and Aβ49 are trimmed every three or four residues, creating the C-termini of the other Aβ peptides, ranging from 38 to 46 residues in length. 30 There is threefold evidence of γ-secretase trimming, or processivity. First, longer AICDs that would complement the shorter Aβ peptides from single cleavage events have not been detected. Second, the Aβ peptides created by ε cleavage, Aβ48 and Aβ49, can be processed by γ-secretase into shorter Aβ peptides, including Aβ40 and Aβ42. 31 Third, Takami et al. recently identified tri-and tetrapeptides produced by γ-secretase cleavage of APP that correspond to the predicted products of processive trimming. 32 The ε cut and subsequent trimming are accomplished by a single active site. One of each component of the complex is sufficient for γ-secretase activity (i.e., each complex contains one presenilin and therefore one active site). 33 Otherwise, the relationship between ε cleavage and trimming is unclear. For instance, do conditions and mutations that affect one type of activity impact the other? FAD mutations in presenilin 1 and 2 (PS1 and PS2, respectively) result in an increase in the Aβ42:Aβ40 ratio, which can be considered a "gain of function". 34−37 Conversely, these same mutations also tend to lower total γ-secretase activity, 38 leading others to conclude that presenilin FAD mutations cause a "loss of function". 39 Wolfe and De Strooper have previously proposed independently that perhaps these two ideas can be reconciled; slowing of the protease may be mechanistically linked to a shift in the Aβ42:Aβ40 ratio, leading to both a reduction in the overall activity and a gain in the proportion of toxic Aβ species. 40, 41 That is, a less active protease may lead to slower trimming, with more opportunity for longer forms of Aβ to be released from the enzyme before further trimming.
Here we report testing of this hypothesis by altering the in vitro conditions (pH, salt concentration, and temperature) of the wild-type protease and testing the effects of a variety of FAD mutants on overall activity and the proportion of the various Aβ peptides produced. We conclude from these investigations that activity and processivity can be dissociated. A shift in the proportion of Aβ peptides is not necessarily the result of reduced γ-secretase activity, and reduced activity is not necessarily accompanied by a change in the distribution of Aβ peptides. That is, factors that affect overall activity differ from factors that affect trimming to alter the proportion of Aβ peptides.
■ EXPERIMENTAL PROCEDURES
Plasmids and Cell Lines. The pAph1HA plasmid carrying the wild-type Aph-1α2 coding sequence with a C-terminal hemagglutinin (HA) tag was previously described. 12 FAD mutations were introduced into wild-type human PS1 using QuikChange mutagenesis (L166P and G384A) (Stratagene, Agilent Technologies, Wilmington, DE). The A246E mutant was a generous gift from the laboratory of D. Selkoe. Other FAD mutations have previously been described (L286V and ΔE9 35 ). The coding sequences were then amplified via polymerase chain reaction and subcloned into pIRESpuro3 (Clontech, Mountain View, CA) with EcoRV and EcoRI. The gene for the FLAG-tagged APP C-terminal fragment, C99, was subcloned from pET2-21b-C100Flag 42 into the pET-SUMO expression vector (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions to generate an N-terminal SUMO fusion protein. All plasmid open reading frames were verified by DNA sequencing.
S-20, a Chinese hamster ovary (CHO) cell line stably expressing human PS1, N-terminally FLAG-tagged Pen-2, and C-terminally HA-tagged Aph-1α2 and nicastrin-V5/His, was grown as previously described. 43 A separate CHO cell line, designated C-20, was made by stably integrating human FLAGPen-2, Aph-1-HA, and GST-NCT and was cultured in DMEM supplemented with 10% FBS, 250 μg/mL hygromycin, 150 μg/ mL G418, and 10 μg/mL blasticidin. Finally, cell lines overexpressing all four human γ-secretase components were generated by stably transfecting this cell line with wild-type or mutant human PS1 plasmids and adding 2.5 μg/mL puromycin to the C-20 medium.
Substrate Purification. SUMO-C99-Flag protein was expressed in Escherichia coli BL21(DE3). Bacteria were grown to log phase at 37°C and induced with 1 mM IPTG for 16 h at 25°C. Each 1 L of cells was pelleted, resuspended in 10 mL of 10 mM Tris (pH 7.0), 200 mM NaCl, and 1% Triton X-100, and lysed by being passed twice through a French press. Following centrifugation at 3000g for 15 min, the supernatant was absorbed on M2-agarose beads (Sigma-Aldrich, St. Louis, MO). After binding, beads were washed with 20 mM Tris-HCl (pH 8.0), 125 mM NaCl, and 1 mM DTT, and the SUMO tag was removed by overnight digestion at 30°C with SUMO protease (Invitrogen). C99-Flag was eluted from M2 beads by boiling in reducing sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) sample buffer for 5 min and then loaded on preparative Criterion 12% Bis-Tris gels (BioRad, Hercules, CA). To maximize yield, the isolated band was not stained; to identify the migration of C99-Flag, the gel edges were cut and stained with Instant Blue (Fisher Scientific, Pittsburgh, PA) and placed to flank the unstained gel. The C99-Flag band was excised, washed for 10 min with water, crushed through metal mesh fitted at the bottom of a 1 mL syringe, and eluted by incubation for 20 min in 50 mM ammonium bicarbonate buffer. Gel pieces were pelleted at 3000g, and pure C99-Flag in the supernatant was dried by speed vacuum, resuspended in water, and aliquoted.
Detergent-Solubilized γ-Secretase Preparations. Approximately 4 × 10 9 CHO cells (20 confluent 15 cm dishes) overexpressing wild-type or mutant γ-secretase or 8 × 10 9 S-20 cells were used for preparation of solubilized γ-secretase. Cells were lysed with a French press in 50 mM 2-(N-morpholino)-ethanesulfonic acid (MES) buffer (pH 6.0), 150 mM NaCl, 5 mM MgCl 2 , and 5 mM CaCl 2 with complete protease inhibitors (F. Hoffmann-La Roche, Basel, Switzerland). Nuclei and unbroken cells were removed by centrifugation at 3000g for 10 min. Membranes were pelleted by centrifugation at 100,000g for 1 h at 4°C. Membranes were washed with ice-cold 100 mM sodium bicarbonate (pH 11.3) and centrifuged again at 100,000g for 1 h. The membrane pellet was solubilized by being passed through a 27. concentration). Lipids dissolved in chloroform for the assays were dried under nitrogen and rehydrated in 1% CHAPSO Hepes buffer A. All reactions were stopped when the mixtures were snap-frozen on dry ice and stored for analysis at −80°C. The N-terminal and C-terminal cleavage products (Aβ peptides and AICD, respectively) were detected using Western blotting.
For reactions at varying pH values, 50 mM MES (pH 5.5, 6.0, and 6.5), 50 mM PIPES (pH 6.5, 7.0, and 7.5), 50 mM Hepes (pH 7.0, 7.5, and 8.0), or 50 mM bicine (pH 8.0, 8.5, and 9.0) was substituted for Hepes buffer A in the assay protocol. These buffers contained 150 mM NaCl. For reactions at varying salt concentrations, 50 mM Hepes (pH 7.0) with 0−300 mM NaCl or NaSO 4 , at 50 mM increments, was substituted for Hepes buffer A. The temperature was varied in a gradient-capable thermal cycler (MyCycler, Bio-Rad) from 15 to 65°C, with standard conditions of pH (7.0) and salt (150 mM NaCl) held constant. All pH, salt, and temperature reaction mixtures were prepared with a final CHAPSO concentration of 0.25%.
Gel Electrophoresis and Western Blotting. For analysis of AICD, samples were run on Criterion 12% Bis-Tris gels (BioRad) using MES running buffer. To exclude the uncut substrate from further steps, the gel was cut on the basis of a BenchMark prestained protein ladder and Novex Sharp prestained protein ladder (Invitrogen) and transferred to a PVDF membrane at 400 mA for 2 h on ice. Membranes were blocked in a 6% milk/ PBST mixture for 5 min followed by incubation for 1 h with the primary M2 anti-FLAG antibody (Sigma-Aldrich) (1:1000 in blocking buffer) and 45 min with secondary anti-mouse HRP (GE Healthcare Biosciences, Pittsburgh, PA) (1:10000 in PBST). Bands were illuminated using ECL Plus (GE Healthcare Biosciences) and captured on film.
To analyze the Aβ products of γ-secretase, bicine/Tris gels containing 8 M urea described by Klafki et al. 44 were used. The system was modified as follows. The acrylamide concentration of the separating gel was reduced to 11% T/2.6% C as previously reported by Qi-Takhara et al. 30 The spacer gel was identical to the separation gel but contained 4 M urea. The comb gel acrylamide concentration was reduced to 4% T/3.3% C, and the gel length was increased to 13.5 cm for the separating gel and 11 cm for the spacing gel. Bicine/urea gels were run at 12 mA for 1 h and then at 34 W for 3.8 h. The region of the gel immediately below the 12 kDa C99 substrate was cut and transferred to a 0.2 μm PVDF membrane. Following transfer, Aβ peptides were fixed to the membrane by being boiled in PBS for 5 min. The membrane was blocked in an 8% milk/PBST mixture for 1 h, washed in PBST overnight, and then incubated with primary antibody 6E10 (SigmaAldrich) in PBST with 1.5 μg/mL Congo Red for 1 h. Incubation with 1:10,000 secondary antibody anti-mouse HRP in PBST was followed by 3 × 5 min washes and ECL Plus/film capture of the signal.
Human γ-secretase components (PS1-NTF, PS1-CTF, Aph-1, Pen-2, and NCT) in preparations were analyzed with specific antibodies for each protein by Western blotting. Proteins were separated on Novex Tris-glycine 4 to 20% gels (Invitrogen) and transferred to a 0.2 μm PVDF membrane for 75 min at 180 mA. Membranes were blocked in a 6% milk/PBST mixture and probed with antibodies 1563 for PS1-NTF (Chemicon, Millipore, Billerica, MA) (1:1000), 13A11 for PS1-CTF (Donated by Elan Corp., Dublin, Ireland (1:1,000), anti-HA for Aph-1α2-HA (F. Hoffmann-La Roche) (1:2,000), anti-Flag M2 for Flag-Pen-2 (Sigma-Aldrich) (1:1000), and anti-GST for NCT-GST (Sigma-Aldrich) (1:3,000). Secondary HRP-conjugated antibodies were diluted 1:10,000.
Quantitation of Films. All films were preflashed with diffuse white light before being exposed to the ECL signal. To quantitate Western signals from film, correction for the error introduced by flatbed scanning of the films must be made. Control films were used to produce a mathematical correction equation. Briefly, films were exposed to white light for defined times to produce a gradient of exposures and scanned using a flatbed scanner. A previously described logarithmic correction method was used to compensate for light scattering interference during film scanning. 45 The correction parameter (y max ) was empirically determined by plotting intensity versus exposure time. From these data, dose−response curves followed the exponential equation: (1) where y is the pixel intensity on a scale of 0−255, x is the exposure time, and y max is the calculated maximum value of y (243.8 under our conditions). A curve fit was generated using Sigmaplot (Molecular Devices, Sunnyvale, CA). Equation 1 was logarithmically linearized to y corr = bx, where y corr (corrected signal in the scanned image) can be calculated by (2) Equation 2 was modified with linear factor a, to render y corr ′ values in image format (pixel values on the scale of 0−255): (3) Factor a equaled 88.7 under our experimental conditions. ImageJ's mathematical macro function (National Institutes of Health, Bethesda, MD) was used to process each scanned image according to eq 3, generating a new corrected image where each pixel is now directly proportional to the corresponding film intensity. After this correction, protein bands were quantitated using Quantity-one (Bio-Rad).
■ RESULTS
We first explored whether a change in overall activity correlates with a change in processivity by measuring AICD and the various forms of Aβ produced by wild-type γ-secretase complexes under different conditions. In particular, do conditions that lower the level of AICD production change in parallel with increased proportions of longer forms of Aβ at the expense of shorter forms? To answer this question, we chose to perturb γ-secretase activity in an in vitro system; this is particularly important because we aimed to analyze all γ-secretase products. In a cellular system, normal differences in product half-lives and retention of longer Aβs in the cell membrane would preclude this type of in-depth analysis.
Membranes containing γ-secretase complexes were isolated from S-20 cells, Chinese hamster ovary (CHO) cells stably overexpressing all four components of the human protease complex. 43 Overexpression of human PS1 in CHO cells results in replacement of endogenous hamster presenilins in γ-secretase complexes. 14, 20 Combined with the stable overexpression of V5-His-nicastrin, HA-Aph-1, and Flag-Pen-2, the S-20 cell line has 17-fold more activity than the parental CHO cell line. 43 Thus, γ-secretase preparations from this cell line are composed of the overexpressed human components, and CHAPSOsolubilized membranes from the S-20 cells display high γ-secretase activity that has been well characterized. 43 In addition, the S-20 cell line has previously been used as a source of purified protease complexes for structural studies by cryoelectron microscopy 46 and to determine the effects of various lipids on γ-secretase activity. 47 For γ-secretase substrate, we utilized recombinant C99-Flag, which is identical to the 99-residue membrane-bound fragment of APP produced by β-secretase but with a FLAG epitope tag on the C-terminus to allow facile purification and ready detection of the AICD-Flag proteolytic product. γ-Secretase cleavage of this substrate also produces Aβ peptides identical to those produced in cells, and standard synthetic Aβ peptides can be used to identify those formed in our enzyme assays. C99-Flag was expressed in E. coli as a SUMO-tagged fusion protein. We took advantage of the ability of SUMO protease to leave no additional prime-side residues after cleavage. Digestion of SUMO-C99-Flag with SUMO protease released C99, and a two-step purification (immunoaffinity chromatography followed by preparative electrophoresis) provided a highly pure substrate.
To quantitatively study the γ-secretase reaction in vitro, we also needed to improve the reproducibility of an electrophoretic technique for separating various Aβ peptides 30, 44 to allow for the simultaneous analysis of Aβ38, -40, -42, -43, -45, and -46+ (unresolved Aβ46, -48, and -49) in the presence of a large excess of C99-Flag substrate. A challenge for electrophoretic analysis of γ-secretase activity is that unreacted C99-Flag is recognized in Western blots by general Aβ antibodies and can comigrate with and obscure shorter Aβ products, thereby interfering with quantification. We modified the composition and length of the spacer gel in the bicine/urea gel system to improve the separation of unreactive C99 substrate from Aβ peptides, and as a result, we were able to reproducibly resolve Aβ38 from excess substrate. Note that under these conditions, longer Aβ peptides migrate more quickly than the shorter ones, possibly because the longer peptides retain some folded structure (and are therefore more compact), even in the presence of high concentrations of urea.
Attempts to develop methods for kinetic analysis of all Aβ species failed to provide reliable linear production with time for the longer Aβ forms (larger than Aβ42). Therefore, we chose to monitor Aβ production in a steady-state end point fashion. Under these in vitro conditions, time course experiments demonstrated that the formation of products becomes nonlinear after incubation for 6 h at 37°C for 1 μM C99-Flag (data not shown). For the following experiments, we utilized an end point (4 h) that was well within the linear range of product formation and that gave reproducible results for all Aβ peptides. Thus, the substrate concentration was in constant excess during the time frame of our analysis.
For our first attempt to identify conditions in which γ-secretase activity is reduced, CHAPSO-solubilized S-20 cell membranes were incubated with C99-Flag at 37°C in buffers at pH values ranging from 5.5 to 9.0. To achieve these pH values, different buffers were needed: MES for pH 5.5−6.5, HEPES for pH 7.0−8.0, and bicine for pH 8.5−9.0. Measurement of AICD production showed a bell-shaped relationship between pH and overall γ-secretase activity ( Figure 1A ). The pH optimum was 6.5, in general concordance with previous reports. 42 , 48 We note, however, that in these prior studies buffers had been used outside their pH buffering ranges, giving the impression that γ-secretase is substantially active even at high pH values. Thus, the results shown in Figure 1A should be a more accurate measure of the pH dependence of CHAPSO-solubilized γ-secretase. For instance, both prior reports indicated that γ-secretase is still quite active up to the highest pH tested (9.0), which is surprising for an aspartyl protease, while here we found that with an appropriate buffering system (bicine) there is very little activity at this highly basic pH. Running these enzyme reactions in different buffers with overlapping pH values demonstrated that changing the buffer type per se did not alter either AICD production or the proportions of Aβ peptides ( Figure S1 of the Supporting Information and data not shown, respectively). Generated Aβ peptides were separated and detected using our modified procedure; each band was carefully measured by densitometry (see Experimental Procedures), and the proportions of the individual Aβ peptides were graphed ( Figure 1B and Figure S2A of the Supporting Information). No statistically significant differences were seen for any of the specific Aβ peptides at the various pH values with the exception of Aβ38 and Aβ46+. The proportion of Aβ38 was decreased at pH 5.5 and 6.0 as compared to that at higher pH values, and the proportion of Aβ46+ was increased at pH 8.5 compared to that at pH 7.0 (regraphed for the sake of clarity and with error bars in Figure 1C ). Comparison of these changes in Aβ to the changes in total activity shows discordance; at high pH values where there is a substantial reduction in activity, there appears to be both an increase and a decrease in processivity (more Aβ38 and more Aβ46+, respectively). A small reduction in processivity (less Aβ38) is seen at mildly acidic pH values, in concert with a moderate reduction in activity, but in general, processivity did not change in concert with changes in overall activity. Next, we tested the effect of changes in total activity on processivity of γ-secretase at different concentrations and in different types of salts. Under otherwise standard conditions [0.25% CHAPSO in HEPES buffer (pH 7.0) at 37°C], the concentration of NaCl, which is typically held at 150 mM, was varied from 0 to 300 mM. Above 300 mM, we found that the longer Aβ peptides of ≥42 residues precipitated (i.e., were salted out), even with a mixture of standard Aβ peptides alone (data not shown), consistent with the tendency of these highly hydrophobic peptides to aggregate. Thus, NaCl concentrations higher than 300 mM could not be reliably tested for effects on γ-secretase activity. No statistical difference was observed in AICD production from 50 to 300 mM NaCl (Figure 2A , shown only up to 150 mM), while activity was dramatically reduced in the absence of NaCl. In examining the range of Aβ peptides produced, again we found no significant differences in the amounts or proportion of the individual Aβ peptides under conditions ranging from 100 to 300 mM NaCl ( Figure 2B , shown only up to 150 mM). However, in the absence of NaCl, the proportion of Aβ peptides with ≥46 residues was observed to more than double compared to that seen in the presence of 150 mM NaCl ( Figure 2C and Figure S2B of the Supporting Information). These same experiments were also conducted using Na 2 SO 4 . Similar to what was seen with NaCl, AICD production was statistically equivalent over the higher Na 2 SO 4 concentrations ranging from 150 to 300 mM (data not shown). Again, concentrations of >300 mM led to precipitation of longer Aβ peptides, even from a standard mixture of the peptides alone, and could not be tested for effects on γ-secretase activity. In this case, lower concentrations of Na 2 SO 4 (50 mM) did show substantially reduced overall proteolytic activity, although it was still higher than that seen without added salt (Figure 2A) . The reasons behind the subtle differences in concentration-dependent effects of NaCl and Na 2 SO 4 on total activity are unclear but may be due to the nature of the anion, as chloride is a "hard" anion (e.g., dense charge) while sulfate is a "softer" anion (e.g., diffused charge). Nevertheless, despite the lower activity at 50 mM Na 2 SO 4 , the proportion of the various Aβ peptides was not significantly different between the enzyme reactions conducted in 150 mM Na 2 SO 4 ( Figure 2B ,C and Figure S2B of the Supporting Information). The only difference observed was again found with Aβ peptides with ≥46 residues when comparing no added salt to added Na 2 SO 4 ( Figure 2C ). Thus, no added salt can lead to some reduction in processivity, but in general, processivity does not decrease in parallel with decreases in total activity under different salt conditions.
We then examined the temperature dependence of γ-secretase catalysis. These assays were otherwise conducted under the standard conditions of pH (7.0) and salt concentration (150 mM NaCl). Unexpectedly, we found that this human protease complex was maximally active at 45°C ( Figure 3A) . Apparently, the heteropentameric enzyme complex is stable even at this elevated temperature. More surprisingly, the γ-secretase complex retained considerable ability to generate AICD even at 50°C, producing slightly more than what is seen at 35°C. However, the activity seems to decrease quite rapidly above 50°C, with little activity seen at 55°C. A more gradual decrease in activity was observed for temperatures of <35°C, down to 20°C, which displayed very little ability to generate AICD. These temperatures, from 20 to 55°C, provided a good range of proteolytic activities to further address the connection between overall activity and processivity. In examining the Aβs produced at these different temperatures, we noted changes in the distribution of many Aβ peptides ( Figure 3B and Figure S2C of the Supporting Information). Interestingly, although the longest forms of Aβ (≥46 residues) were found in greater proportions at the temperature extremes (i.e., with the lowest overall activities), the short forms (Aβ38 and Aβ40) were found in smaller proportions as the temperature was increased over 35°C but did not change when the activity was impaired by lowering the temperature ( Figure 3C and Figure S2C of the Supporting Information). Strikingly, the proportions of Aβ42 and Aβ43 increased with temperature throughout almost the entire range ( Figure 3C and Figure S2 of the Supporting Information), showing no correlation with the total activity profile generated Figure 1 . Effects of pH on γ-secretase activity and processivity. γ-Secretase assays were performed from pH 5.5 to 9.0. To span this range, we used three buffering agents: MES at pH 5.5, 6.0, and 6.5; HEPES at pH 7.0, 7.5, and 8.0; and bicine at pH 8.0, 8.5, and 9.0. (A) The total activity of γ-secretase was measured using anti-FLAG Western blotting to detect AICD-FLAG (inset). Bands were quantified and normalized to HEPES buffer (pH 7.0). At pH 8.0, the data for HEPES buffer are displayed, although bicine at pH 8.0 gave the same result ( Figure S1 of the Supporting Information). Asterisks denote values that are significantly different from the pH 7.0 value. (B) The Aβ fragments produced in these assays were analyzed on bicine/urea gels (top) and identified using known Aβ standards (Std). Quantitation of each band allowed for determination of the relative contribution of each of the Aβ species (bottom). The data at pH 8.0 are from the HEPES buffer assay. The bands for pH 9.0 were too faint to be reliably quantified. (C) Aβ38 and Aβ46+ show significant changes in their contribution to total Aβ with a change in pH. Statistical significance was determined by the unpaired two-tailed Student's t test (P < 0.05). The data are averages from three independent experiments. with AICD. Furthermore, examination of the Aβ spectra at the temperature that gave maximal activity (45°C) reveals a shift toward aggregation-prone Aβ43 in direct opposition to the hypothesis that it is the loss of γ-secretase activity that is responsible for transition to the longer Aβ forms. Thus, again we noted dissociation between activity and processivity; lower activities did not correlate with a greater proportion of longer forms of Aβ. It is important to point out that we did not observe precipitation or loss of Aβ peptides from a standard mixture at extremes of pH or temperature or without added NaCl or Na 2 SO 4 , nor did APP substrate precipitate or display an increased level of aggregation (data not shown). That is, the Figure 2 . Effects of salinity on γ-secretase activity and processivity. Shown are γ-secretase assays performed with 0−150 mM NaCl or Na 2 SO 4 . (A) The total activity of γ-secretase was measured using anti-FLAG Western blotting to detect AICD-FLAG (inset). Bands were quantified and normalized to 150 mM salt. Asterisks denote columns that are significantly different from the 150 mM salt column. (B) The Aβ fragments produced in these assays were analyzed on bicine/urea gels (top). Quantitation of each band allowed for determination of the relative contribution of each of the Aβ species (bottom). (C) Aβ46+ shows significant changes in contribution to total Aβ. The asterisk denotes a value that is significantly different from the 150 mM NaCl value. Statistical significance was determined by the unpaired twotailed Student's t test (P < 0.05). The data are averages from two independent experiments. effects we noted above upon altered conditions can be attributed to changes in γ-secretase activity.
We then turned our attention to AD-associated mutations in PS1. In general, these mutations have been found to increase the proportion of Aβ42 to Aβ40 and also decrease overall proteolytic activity. We asked whether γ-secretase complexes containing PS1 mutations associated with familial, early-onset AD (FAD) indeed decrease the overall level of proteolysis of APP in a cell-free biochemical assay and whether decreased activity occurs in parallel with decreased processivity. To that end, we first established stable cell lines overexpressing human γ-secretase complexes with different FAD-associated PS1 mutations. A CHO cell line was generated that stably overexpresses the other three components of γ-secretase: Aph-1, NCT, and Pen-2. From this common parental cell line, six different variants of PS1 were stably introduced: wild type (WT), L166P, A246E, L286V, G384A, and ΔE9 (a deletion of PS1 exon 9). The five FAD-associated PS1 mutants chosen are located in diverse regions of the PS1 sequence and represent a broad range of reported effects on Aβ42:Aβ40 ratios and ages of disease onset ( Figure 4A ). For instance, the L166P mutation, which resulted in disease onset at 24 years of age, and the G384A mutation, which has an average age of onset of 34 years, have been reported to cause large increases in the Aβ42:Aβ40 ratio. 49−53 In contrast, the A246E and L286V mutations are associated with more subtle effects on the Aβ42:Aβ40 ratio and much later ages of onset (53 and 48 years, respectively). 50, 54 Expression of mature γ-secretase complexes and complete replacement of endogenous hamster PS1 by the exogenous human PS1 variants were verified for each stable cell line. All showed the presence of a higher-molecular weight, more highly glycosylated form of NCT that is found in mature, active γ-secretase complexes 21−25 ( Figure 4B ). Processing of PS1 into NTF and CTF is also part of the maturation of protease complexes to the active form. 18−20 Indeed, this endoproteolytic event occurs only upon assembly of all four components. 10−13 Using antibodies specific for the N-terminus of human PS1, we found that each of the exogenous PS1 variants was well expressed, and all but one were processed to NTF; the exception was PS1 ΔE9, which lacks the exon 9 region encoding the endoproteolytic cleavage site but nevertheless enters into mature, active protease complexes. 18,19,55−57 The PS1 CTF was also examined, as the human and hamster forms display slightly different mobilities in SDS−PAGE, and therefore, replacement of the endogenous hamster PS1 with the exogenous human form can be confirmed. 18, 20 The human PS1 CTF is observed in each case, with PS1 ΔE9 again being the expected exception. For all stable cell lines overexpressing human PS1 variants, the hamster PS1 CTF is absent, with only a very faint band detected in ΔE9 and G384A, ensuring that the γ-secretase activities we observe are overwhelmingly due to the human γ-secretase complexes of interest.
After membrane preparation and solubilization in CHAPSO, each human γ-secretase complex variant was tested for its ability to produce AICD ( Figure 4C ). Approximately equal amounts of γ-secretase were added to each reaction mixture via adjustment for amounts of PS1 NTF (or full-length protein in the case of the ΔE9 variant). Also, relative specific AICD values were obtained by measuring NTF and AICD simultaneously in these reactions, eliminating important sources of variability. We found that most of the studied mutants had substantially reduced overall proteolytic activity relative to that of the wild type, with the exception of complexes containing the PS1 L286V mutation. We could not distinguish statistical differences between the relative activities of protease complexes with PS1 L166P, A246E, G384A, or ΔE9, nor could we distinguish Solubilized membranes containing PS1 FAD mutants were normalized for levels of NTF and analyzed by Western blotting for other γ-secretase components and presenilin endoproteolysis. From top to bottom: anti-GST for detecting GST-nicastrin, anti-presenilin N-terminal fragment (NTF) for detecting full-length presenilin and NTF, and anti-presenilin C-terminal fragment (CTF) for detecting both exogenous human and endogenous hamster CTF. (C) Equal amounts of wild-type and FAD mutant γ-secretase were included in C99 activity assays, and total activity was assessed using anti-FLAG Western blotting to detect AICD-FLAG (bottom blot). Bands were quantified and normalized to a wild-type PS1 control (top blot). All PS1 FAD mutants, except L286V, show significant statistical difference relative to the wild type (graph, columns with asterisks). Statistical significance was determined by the unpaired two-tailed Student's t test (P < 0.05). The data are averages of three independent experiments. differences between the wild-type enzyme and PS1 L286V mutation-containing enzyme.
Biochemistry
The production of the spectrum of Aβ peptides by these various γ-secretase complexes was then examined by bicine/ urea PAGE and Western blotting ( Figure 5A ). To compensate for the reduced overall activity of L166P, A246E, G384A, and ΔE9 and allow quantitation of all Aβ peptides (i.e., to obtain sufficiently strong bands), the loaded samples were normalized for total Aβ. This allowed facile comparison of changes in the proportions of the different Aβ species rather than confounding these changes with differences in total Aβ production, which mirror the differences in AICD production. 28 All of the mutantcontaining complexes appear to increase the proportion of longer forms of Aβ (≥42 residues). The PS1 L166P mutant protease showed the most dramatic effect ( Figure 5B and Figure S3A of the Supporting Information). Complexes with PS1 A246E and G384A appear to have the smallest effects on processivity; the A246E mutant shows an increase in the level of Aβ43, and the G384A mutant shows a decrease in the levels of Aβ40 and Aβ45 and a concomitant increase in the level of ≥Aβ46. Complexes with PS1 ΔE9 and L286V displayed intermediate effects with an overall decrease in the level of Aβ peptides with ≤42 residues and an increase in the level of Aβ peptides with >42 residues.
PS1 FAD mutant γ-secretase complexes are known to increase the Aβ42:Aβ40 ratio compared to that of the wild-type enzyme, 34−37 and this shift to longer, more aggregation-prone amyloid peptides is thought to contribute to AD pathogenesis. 58 Most investigators use enzyme-linked immunosorbent assays (ELISAs) or short bicine/urea gels to quantitate Aβ40 and Aβ42. In our hands (data not shown) and as recognized previously, 59−62 these methods do not completely distinguish or separate Aβ43 from Aβ42. Moreover, a recent study has demonstrated that the frequently overlooked Aβ43 peptide can be primarily produced by at least one FAD PS1 mutant, and transgenic mice expressing this FAD PS1 mutant produce amyloid pathology in the brain. 63 Therefore, for each of our γ-secretase mutants, we calculated the (Aβ42+A-β43):Aβ40 ratio, which was significantly increased compared to that produced by the wild-type enzyme ( Figure S3B of the Supporting Information). As previously reported, the ratio can be increased by a decrease in the level of Aβ40, an increase in the level of Aβ42 and Aβ43, or a decrease in both the level of Aβ40 and the level of Aβ42 and Aβ43 if Aβ40 decreases proportionately more. 50, 64, 65 Dissecting the cause for this increase in the ratio for our mutants shows three groupings: L286V, G384A, and ΔE9 have significantly decreased levels of Aβ40, A246E has a significantly increased level of Aβ42 and Aβ43, and L166P has both a decreased level of Aβ40 and an increased level of Aβ42 and Aβ43 ( Figure 5C ). These results are concordant with previous studies 49,50,65−72 that have shown G384A and L286V have reduced Aβ40 levels, A246E has increased Aβ42 levels, and L166P has both a decreased Aβ40 level and an increased Aβ42 level. For ΔE9, our results deviate from previous studies 49, 52, 65, 68, 71 in that we did not detect a significant increase in the level of Aβ42. However, consistent with these previous studies, we found that upon transfection of APP, the relative level of secreted Aβ42 compared to the total level of Aβ, as determined by specific ELISAs, is increased in the cell line stably expressing the PS1 ΔE9 mutant compared to the wild-type PS1-expressing cell line (data not shown). It is important to bear in mind that the Aβ secreted from cells is not all the Aβ produced and that longer forms are not secreted well, and the longest forms not at all.
As with the wild-type enzyme under different conditions, we observed dissociation between the effects of these PS1 mutations on the overall activity of γ-secretase and their effects on the processivity of the enzyme. The L286V PS1-containing complex had indistinguishable total activity as compared to that of the wild-type enzyme but nevertheless displayed a clear decrease in processivity. In contrast, the PS1 G384A mutation caused a substantial decrease in total activity but led to subtler effects on processivity. As one means of deciphering the relationship between activity and processivity, we determined the ratio of short to long Aβ peptides, long being defined as ≥42 residues and short being the sum of Aβ38 and Aβ40, a ratio defined here as the "processivity index", with higher values indicating increased processivity. This value was plotted as a function of activity ( Figure 6A ). Clearly, no obvious correlation exists between the level of overall γ-secretase activity and processivity for γ-secretase mutants. In addition, the same analysis was done for the temperature data from Figure 3 , and again no relationship between activity and processivity could be distinguished ( Figure 6B ).
■ DISCUSSION
Until now, an analysis of all Aβ peptides produced from a variety of isolated AD mutant γ-secretase complexes and purified substrate had not been conducted. Almost all of the previous studies examining the effects of presenilin mutations on γ-secretase cleavage of APP involved detection of Aβ peptides and AICD generated in cells, raising concerns about cleavage events by other proteases, degradation of γ-secretase products, or retention of long Aβs in the cell membrane. Understanding the mechanism of action of the human γ-secretase complex and how FAD-causing PS mutants alter this proteolytic activity requires a fuller appreciation of the products that are formed and the relationship of these products to one another under more reducing conditions.
Here we considered the hypothesis 40, 41 that slowing of the proteolytic rate, whether of the wild-type enzyme under different reaction conditions or of complexes containing FAD mutant presenilin, might lead to a reduced level of trimming of Aβ peptides (i.e., reduced processivity). In this way, a decrease in function (overall activity) could lead to a gain of function (an increase in the proportion of longer, more aggregation-prone forms of the peptide). A unification of these two seemingly opposed concepts would resolve the long-standing controversy about whether presenilin mutations cause AD through a loss or a gain of function. Even if our studies did not support this unifying hypothesis, we hoped to glean clues regarding the nature of processivity by γ-secretase complexes.
In analyzing the activity and processivity of γ-secretase under various pH, salt concentration, and temperature conditions, we did not observe a connection between overall proteolytic activity and processivity. Using buffering systems within their appropriate pH ranges, we found that optimal AICD generation occurred at pH 6.5. As the pH was increased, activity decreased; however, we observed an increase in the proportions of both Aβ38 and Aβ46+. As the pH was decreased from 6.5, again overall activity decreased, and for the most part, the proportion of individual Aβ peptides did not change, the sole exception being a clear decrease in the level of Aβ38. Thus, processivity is slightly compromised at mildly acidic pH.
Using different salts and salt concentrations, we found that overall activity varied at lower concentrations of sodium sulfate. However, no change in the proportion of the various Aβ peptides was observed. Only without added salt did we see a clear increase in the proportion of Aβ peptides with ≥46 residues (that is, a decrease in processivity). That mildly acidic pH and no added salt both result in reduced processivity would be consistent with a role of one or more charged residues of γ-secretase in the trimming of long Aβ peptides to short ones. Residues with pK a values of ∼6 (e.g., histidines) would be reasonable candidates.
With respect to temperature, we observed that a temperature of 45°C led to optimal total activity and that the enzyme was active even at 50°C. Given that the complex contains five components held together by noncovalent forces, this was quite surprising. However, we noted that changes in processivity did not track with changes in total activity at different temperatures. Changes in pH, salt identity, salt concentration, and temperature can alter the charged state, conformation, conformational dynamics, and reactivity of proteins and their functional groups. However, it appears that the factors that affect the initial ε cleavage of APP and those that affect the trimming of the initially formed Aβ peptides are generally different.
To explore the properties of FAD mutant PS1-containing γ-secretase complexes in terms of overall activity and processivity, we generated a stable cell line overexpressing human forms of all three of the other components of the protease (Aph-1, NCT, and Pen-2) as a parental line into which to introduce different human PS1 variants. In analyzing a set of such mutant protease complexes, we found that the mutations generally decreased overall proteolytic activity, with the notable exception of the L286V mutation. Although PS1 L286V mutation-containing complexes showed total activity comparable to that of the wild-type enzyme, the L286V mutation nevertheless led to a clear change in processivity, with a greater proportion of longer Aβ peptides. Indeed, all of the AD mutant PS1-containing protease complexes tested here displayed a decrease in processivity, that is, an increase in longer, more aggregation-prone Aβ peptides, consistent with the connection between the formation of Aβ assemblies and the pathogenesis of AD. However, overall activity and processivity were again dissociated, not only with the L286V mutation but also with the G384A mutation, which shows a substantial decrease in activity but relatively mild effects on processivity. Nevertheless, it may be possible to correlate total activity and trimming with a subset of presenilin FAD mutations.
These findings with PS1 FAD mutations are consistent with several earlier reports examining the effects of such mutations on Aβ and AICD production in cell culture. For instance, Moehlmann and colleagues found a dissociation between AICD production and Aβ42:Aβ40 ratios with a variety of mutations of PS1 L166, including the pathogenic L166P mutation. 49 Moreover, Bentahir et al. used rescue experiments with presenilin-deficient cells to show that while several PS1 and PS2 FAD mutants all reduced the level of AICD production, these mutants had variable effects on the spectrum of secreted Aβ peptides, some decreasing the level of Aβ40 and others increasing the level of Aβ42. 50 Others have shown a lack of correlation between Aβ38 and Aβ42 levels, both with γ-secretase modulators (e.g., sulindac sulfide) and with FAD PS1 mutations, arguing against a precursor−production relationship. 62, 68 This particular conclusion, however, disregards the fact that Aβ42 levels are determined by not only it being trimmed to Aβ38 but also its production from Aβ45, and the Ihara laboratory has detected the corresponding tetrapeptide of residues 39−42 generated by γ-secretase, 32 clear proof that Aβ38 can be directly derived from Aβ42. Nevertheless, the apparent dissociation between Aβ38 and Aβ42 with PS1 FAD mutations is a clear illustration that the relationship between total activity and processivity is not a simple one.
It is remarkable that a protease with a single catalytic site 33 can be responsible for so many different proteolytic events: endoproteolysis of presenilin into NTF and CTF, 14, 73 initial ε cleavage to release the intracellular domains of a variety of type I integral membrane substrates, 74 and processive proteolysis every three or four residues 32 in producing a spectrum of peptides (Aβ from APP, but also various counterpart peptides from the Notch receptor; 75 other substrates of γ-secretase are likely to be similarly processed). The misregulation of processivity in particular is apparently critical to the pathogenesis of AD, resulting in the generation of longer Aβ species that are more prone to aggregation into neurotoxic assemblies. Understanding the mechanism of the trimming process of Aβ peptides will likely require a reductionist approach using biochemical assays and facile analytical methods for measuring all of the products formed: the intracellular domain, the full spectrum of Aβ peptides (not only those secreted from cells), and the tri-and tetrapeptide fragments. Such methods could then be coupled with targeted mutagenesis of γ-secretase components to test specific mechanistic hypotheses. 
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